The charging dynamics of silicon nanocrystals embedded in a silicon-dioxide matrix is studied using electrostatic force microscopy. Varying the average oxygen content of the silicon-rich-oxide samples, different charge-spreading behaviors are observed. Three kinds of behavior are distinguished: charge confinement in isolated clusters ͑insulating͒, spreading via a network of clusters and metallic. They relate to the local material composition with a threshold silicon/silicon oxide ratio for conduction, a characteristic of percolation. Close to this threshold, in situ and real-time experimental charge spreading on the timescale of several hours in a two-dimensional silicon nanocrystal network is evidenced, with an irreversible evolution of a rough borderline of the electron cloud.
I. INTRODUCTION
The efficient and reproducible elaboration of dense and homogeneous layers of silicon nanocrystals in combination with local and sensitive ͑routinely down to a few electrons͒ electrostatic force measurement techniques has opened the way to investigations of the collective behavior of charges in these 2D disordered layers at the nanoscale. In these systems, the electrostatic interaction energy is much larger than the thermal and zero-point motion energies due to confinement.
Silicon nanocrystals ͑Si-nc͒ embedded in a silicon dioxide matrix have attracted attention in the past decade for their applications in nanoelectronics. They present interesting properties in the field of optical devices such as a high-efficiency light source 1 for telecommunications ͑ = 1.54 m͒ and in efficient and chemically more stable solar cells. 2 Also, they present promising data storage capabilities used as a floating gate in nonvolatile memories. 3, 4 In the latter case, advantage has been taken of the reduced mobility to reach remarkably long charge retention times, coupled to enhanced read-write capabilities. 5 For these applications, an accurate control of the local material composition is necessary, because the size and density of the Si-nc, the intercrystal spacing, and oxide quality determine the mobility or confinement of the charges injected in the Si-nc network. Standard techniques including Fourier transform infrared ͑FTIR͒ spectroscopy and ellipsometry are routinely applied to check for the material properties of the prepared samples. However, these techniques probe the properties rather macroscopically, compared to the nanometer-sized Si-nc.
This article addresses the question of charge transport at the nanoscale in these Si-nc networks. We provide experimental evidence for all characteristic regimes. Two extreme regimes of charge transport are identified: as the initial silicon concentration is very close to that of stoichiometric SiO 2 , one expects very few Si-nc. Therefore a collective behavior of injected charges very close to that of a SiO 2 layer is observed: an insulating behavior with a static twodimensional ͑2D͒ disk shape of charges. Oppositely, at high silicon content, one expects a metallic regime in the 2D interconnected Si layer. The intermediate regime is reminiscent of the problem of 2D percolation, however with a very important difference: we are concerned here with the spreading of charges inside a 2D disordered layer at the nanometer scale. Therefore, the electron interaction, or Hartree term, due to the space charge is a key factor in the spatial distribution of the charges. This space charge has in fact no screening charge to cancel its electric field, making it the driving force for charge spreading. A specific point of this work is hence the intrinsic contributions of disorder at the nanoscale and of a long-range, unscreened electrostatic interaction on the electron distribution. The irregular spreading of the electron cloud relates to kinetic roughening, 6 a phenomenon commonly observed in systems such as the slow combustion of paper 7 or epitaxial growth, 8 but until now never with charges.
The atomic force microscope 9 and the related electrostatic force microscope ͑EFM͒ are accurate tools for the local and nondestructive investigation of Si-nc. They have proven their performance for local charge injection and detection. [10] [11] [12] [13] [14] A resolution down to some tens of electrons in ambient conditions 15 and a spatial resolution amounting to less than 100 nm is reached. Charging of assemblies of quantum dots has been studied on other systems, 16, 17 as well as charging of single quantum dots. 18, 19 Ultimately, the AFM has proven single-charge detection. 20 In this article, we investigate the different charge spreading behaviors related to the local material composition of the Si-nc layers using the EFM technique. First, the preparation of the samples and spectroscopic ellipsometry analyses are described, after which the EFM technique and the experi-mental conditions are clarified. The three behaviors of charge spreading are experimentally evidenced. We demonstrate a spreading of the charges via the network of Si-nc, with a kinetic roughening of the electron cloud on the time scale of several hours.
II. EXPERIMENT
To avoid leakage of charge injected in the nanocrystals to the grounded substrate, an insulating 25-nm-thick, highquality SiO 2 layer is first thermally grown on ͑100͒-oriented silicon substrates ͑impurity concentration 10 −15 at. cm −3 ͒. One sample undergoes no further preparation and serves as a reference for comparison with samples containing Si-nc. A 3-nm-thick silicon-rich-oxide 21, 22 ͑SRO͒ layer is grown on top of the 25 nm SiO 2 by low-pressure chemical vapor deposition ͑LPCVD͒. Using a substrate temperature of 515°C and a total gas pressure of 1000 mTorr, the two precursor gases SiH 4 and N 2 O react, and an understoichiometric amorphous SiO x film ͑x Ͻ 2͒ is deposited. The deposition is followed by a 10-min rapid thermal annealing at 1000°C under nitrogen at ambient pressure. This induces a phase separation of the amorphous SRO film, resulting in the precipitation of crystalline silicon nanocrystals in a silica matrix ͑see Fig. 1 for the sample geometry͒. The progress of the phase separation is examined using FTIR analysis on the -O-Si-Ostretching mode. Its vibration frequency is found at 1080 cm −1 for stoichiometric SiO 2 and shifts to smaller values for understoichiometric SiO x ͑incomplete phase separation͒.
The density and size of the Si-nc embedded in a SiO 2 matrix thus wise obtained depend critically on the ratio of the gas fluxes, ␥ = ͓N 2 O͔ / ͓SiH 4 ͔, used during LPCVD. Previous high-resolution transmission electron microscopy studies have shown that Si-nc with a typical lateral dimension of 4 -6 nm are formed, with an estimated density between 10 11 and 10 12 cm −2 Si-nc ͑Ref. 23͒. Spectroscopic ellipsometry analysis is performed to determine the fraction of Si-nc in the SiO 2 matrix. The data are fitted with Bruggeman's effective-medium approach using the densities of crystalline silicon and of SiO 2 and their dielectric constants. This provides an estimate of the respective volume fractions. In addition to the reference sample, three different gas ratios are used for the fabrication of the samples: ␥ = 0.3 ͑sample S1͒, 0.5 ͑sample S2͒, and 0.9 ͑sample S3͒. The corresponding volumic fractions ͓Si/ SiO 2 ͔, x parameters and fitted layer thickness from characterization with ellipsometry are summarized in Table I .
Experiments are carried out in ambient temperature and pressure conditions using a commercial AFM. 24 Throughout the experiments, a permanent flux of nitrogen ensures a low relative humidity ͑RH: 15%͒ and avoids sample contamination, electrochemical reactions during charging, and charge evacuation paths on the surface. Rectangular, W 2 C-coated tips 25 are used for sample charging and EFM characterization. The tips have spring constants ranging from 0.3 to 0.7 N / m and resonance frequencies between 28 and 41 kHz ͑manufacturer's data͒. The soft cantilevers ensure an enhanced detection. Indeed, the smallest detectable force gradient is 26 ‫ץ‬F min / ‫ץ‬z = ͑1/a 0 Q͒ ͱ 27k B TBk / 0 Q, where Q is the quality factor, a 0 is the free oscillating amplitude, k B is the Boltzman constant, T is the temperature, k is the cantilever stiffness, B is the bandwidth, and 0 is the angular resonance frequency. The minimum detectable force gradient is therefore proportional to the square root of the spring constant.
Charge is successively injected and detected with the same AFM tip. The AFM is operated in dynamic mode, near the resonance frequency of the cantilever. For the injection, the scan is stopped in the middle of the image and the tip is brought into contact with the sample surface by reducing the amplitude setpoint near to zero. A voltage in the range of ±0 -10 V is applied to the tip while the substrate is kept grounded. The injection time is varied between 1 ms and 10 s. Immediately after charging, EFM scanning is resumed in a double-pass method. A first scan line records the surface topography. Then, the tip is retracted a few tens of nanometers ͑in our case 50 nm͒ with respect to the topography, the feedback loop is deactivated, and a second scan line records the phase of oscillation compared to the mechanical excitation at a constant tip-sample distance. 27 This phase is referred to as the EFM signal. Excess charges at the surface create an additional electrostatic force gradient, which is detected by the tip. This positive gradient ͑attractive force͒ increases the phase lag, resulting in a darker area in the EFM image.
As established in a previous publication, 15 one can provide a rough but robust and highly reproducible estimate of the number of electrons in a single cluster after injection. Based on the measured phase lag and using a parallel-plane geometrical approximation, one finds a 2D electron density in the charged area that is less or close to the Si-nc density. Directly from these experimental conclusions, the 2D electron cloud imaged by EFM will then be described as an area of uniformly charged network of nanocrystals with a single electron per crystal at maximum. This clearly emphasizes a strong parallel with the usual descrip- tion of the single-electron transistor ͑SET, orthodox model 28 ͒ including charging effects due to the Coulomb blockade, a key parameter controlling the charge states of the Si-nc network.
III. RESULTS
EFM images of the three samples prepared with increasing ␥ ratio are shown in Fig. 2 .
Sample S1, which contains a high fraction of silicon in the top layer ͑40% in volume, see Table I͒ , exhibits a metallic behavior, as seen in Fig. 2͑a͒ : as soon as deposited on the surface ͑conditions: −10 V / 1 s͒, charges disappear on a time scale shorter than that of the scanning of the image ͑a few minutes͒. We assume that for a high density of Si-nc the silicon offers a percolation path, allowing the charges to spread immediately out from the injection site over the surface. Hence, the AFM is not the appropriate tool to measure charge spreading on such a sample. Figure 2͑b͒ depicts the behavior of sample S2, which presents a low density of Si-nc ͑volumic fraction of silicon in the top layer: 8%͒. Charges are well localized around the injection site and may be detected more than 2 h after injection, with injection conditions of −10 V / 10 s. The specificity of this sample lies in the rough edges of the charged area as well as a slow, sideward evolution of these edges.
The behavior of sample S3 is shown in Fig. 2͑c͒ : the charged area has a circular shape, with a typical diameter of less than a micron. Here, the charging conditions are −8 V / 0.5 s. Once injected, the charges remain strongly localized in the nanocrystals. Even after more than an hour, no spreading is observed; i.e., there is no increase of the radius and no development of irregularity in the disk shape. It is clear in the investigated samples that the absence of charge spreading and the well-defined disk shape of the charge cloud are always simultaneously observed. With a volumic fraction of Si of 6% in the SRO layer, a lower density of Si-nc is prepared. It is assumed that the Si-nc are separated by one to a few nanometers of SiO 2 . This kind of sample exhibits remarkable charge retention capabilities and therefore is of interest for application in nonvolatile floatinggate memories. Further investigations of this sample aiming at understanding the charge spreading mechanisms during injection will be the subject of a future publication.
The volumic fractions of silicon in the top layer are very close for samples S2 and S3 ͑respectively, 8% and 6%͒. The parameters of a strongly confining sample and a partially confining sample are therefore experimentally very close. This is further corroborated by a Si-nc sample not shown here with a volumic silicon fraction of 23%, which clearly exhibits a metallic behavior. We have encountered important difficulties in the preparation of samples exhibiting measurable charge spreading. The vast majority of samples are clearly either on the metallic side or on the strongly confining side. This is consistent with the existence of an extremely narrow window for samples presenting electron dynamics with a characteristic timescale of minutes to hours, in between conducting and strongly confining samples. An appar-FIG. 2. ͑Color online͒ EFM signal ͑phase͒ of three Si-nc samples, excess charges appear dark: ͑a͒ Sample S1 displays a metallic behavior; charges are injected halfway through the scan and spread on a timescale inferior to the scan time. Injection is at −10 V / 1 s; scan size is 4 ϫ 4 m 2 . ͑b͒ Sample S2 displays a roughedged behavior; charges distribute in clusters and flow between neighboring nanocrystals even after injection is completed. Injection is at −10 V / 10 s; scan size is 3 ϫ 6 m 2 . Below is a cross section of the charged area. ͑c͒ Sample S3 displays a circular-edged behavior; charges distribute homogeneously. They are trapped by the naocrystals and do not spread with time. Injection is at −8 V / 0.5 s; scan size is 1 ϫ 0.5 m 2 . Below is a cross section across the diameter of the charge spot. ent abrupt transition from confining to metallic behavior as the oxygen content is varied is therefore characteristic of our observations. We are then led to the conclusion that, close to this transition, the Si-nc density and 2D spatial distribution very critically control the observed chargespreading behavior. Using as a guideline the orthodox model established for a SET with a similar local geometry, we identify the mechanism at the root of these behaviors. It is essentially the intercrystal transition rate and the local influence of the Coulomb blockade on this intercrystal transition rate that determines the kinetics of electrons here. The properties of this transition rate are locally determined by the spatial distribution of clusters and by their detailed charge states.
Far from this conduction edge, the 2D map is either fully metallic or confining. If the transition rate is very high, electron kinetics is fast and the electron cloud spreads on a timescale shorter than the probe time. If the transition rate is very low, it leads to a nonmeasurable spreading on a timescale of hours, injection proceeds as the local electrostatic potential V ӷ e / C. The electron cloud spreads only under the influence of the polarized tip, and it stops very rapidly away from the tip in a homogeneous way. Indeed the frontier of the electron cloud in the strongly confining regime is not rough at the scale of AFM measurement. In the confining case, the disorder in the Si-nc distribution at the nanometer scale has no influence on the shape of the 2D electron cloud. This extremely robust experimental result can be well understood using the limit of low density of Si-nc. In this limit, the intercrystal transition rate goes to zero, as the electron kinetics is essentially determined by the thick intercrystal silicon dioxide spacing, even if the initial electron trapping remains determined by the presence of Si-nc. The two regimes are separated by an abrupt transition that appears as a percolation threshold. It is close to this apparent percolation threshold that a third regime exists with a low intercluster transition rate, in which the interplay between the distribution of transition rates and single-electron charging effects results in charge spreading on a long timescale and with an increasingly rough borderline.
Before focusing on the electron cloud spreading in sample S2, we present a test experiment that compares the retention properties after injection of a plain oxide layer and of a comparable oxide layer with Si-nc. This is to directly check that Si-nc are clearly at the origin of the observed behaviors and it is not a property of the sole silicon layer. The same charging conditions of −10 V / 10 s have been used to compare the retention characteristics of sample S2 and of the reference SiO 2 sample. The results are shown in Figs. 3 and 4 , respectively. From Fig. 3͑a͒ we remark that the injected charge is detectable more than 2 h after injection, whereas the retention time amounts to about 5 min in the case of the reference sample ͓see Fig. 4͑a͔͒ . This along with the long retention time of sample S3 confirms that the presence of the nanocrystals is essential to trap the charges and exhibit a long retention time.
In the following, we concentrate our investigations on sample S2 and demonstrate that charges spread irregularly through the neighboring Si-nc long after injection has ended, a phenomenon never observed up to this day.
This sample offers the possibility to analyze how the Si-nc distribution at the nanometer scale can determine the shape of the injected electron cloud at the micrometer scale. These observations are studies of charge spreading mechanisms in assemblies of nanocrystals that are related to earlier theoretical works on transport in assemblies of dots with disorder. 29 To investigate charge spreading in sample S2, we have superimposed the cross sections of the phase images taken over time on the same position ͑drift has been corrected͒. The position is shown by the line drawn across all images in Fig. 3͑a͒ and the cross sections are plotted in 3͑b͒, upper graph. The encircled area highlights a region where charges accumulate with time, as confirmed by the phase images, while other regions tend to depopulate with time. The lower, normalized phase graph shows that the general shape of the curve is not conserved and confirms the charge spreading to the encircled area, in which the signal augments with time. In comparison, the reference SiO 2 sample does not display any charge spreading. The cross sections plotted across the diameter of the phase images ͓Fig. 4͑b͔͒ decrease with time without spreading, as emphasized in the normalized graph. It is not clear whether charges spread laterally on the surface below te detection threshold ͑due, for example, to a very thin water rest layer͒ or diffuse to the substrate through the SiO 2 layer. The latter is corroborated by previous studies on thin Al 2 O 3 films. 30 Sample S2 displays some regions that are very stable and do not seem to evolve with time, while some micrometric areas are progressively filled with electrons to the detriment of others. This macroscopic roughness reflects the nanometric, highly inhomogeneous distribution of the Si-nc, which seem to agglomerate in clusters. The minimum spatial wavelength identified at the frontier of the electron cloud is about 50 nm. It is mainly determined by the EFM spatial resolution, which corresponds to the EFM lift height.
We remark that the regular evolution and long timescale of charge displacement in this regime is indicative for an electronic mechanism rather than a chemical modification. Moreover, reproducibility of the injection experiments over a period of 6 months demonstrates the chemical stability of the samples.
IV. DISCUSSION
The spreading behavior of sample S2 reflects a kinetic roughening of the electron cloud front in a disordered array ͑quenched disorder͒ of Si-nc, driven by the long-range, electron-electron repulsive force. To our knowledge, this is the first time that such a behavior is directly observed for an electron system, although its has been theoretically anticipated by Middleton and Wingreen 29 in this context. We will now describe the key mechanisms that root this behavior.
After completion of the injection, the 2D electron cloud is far from its equilibrium state, due to electrostatic repulsion in this dense cloud. Indeed, an estimate of the unscreened local electric field at intercrystal distance yields e / ͑4⑀ 0 ⑀ SiO 2 d 2 ͒ =10 6 -10 7 V / m for a Si-nc density of Ϸ10 12 cm −2 . These are extremely high electrical fields, yet not high enough to deteriorate the silicon dioxide which electric breakdown occurs at over 10 9 V / m. The electrical force experienced by electrons especially at the borderline tends to the explosion of the electron cloud. The distribution of nanocrystals enables us to control the electron kinetics-i.e., not only to prevent this explosion, but also to slow it down to accessible timescales. We observe that it can introduce macroscopic intercrystal transition rate. Indeed, Coulomb blockade effects for sample S2 dominate intercrystal transition rates. In a simple approximation, the intercrystal capacitance is taken as a parallel plate capacitor C = ⑀ 0 ⑀ SiO 2 A / d, with a Si-nc area of A = r 2 ͑2r = 5 nm is the diameter of the Si-nc͒ and an intercrystal distance of d = 1 nm. This yields a capacitance C = 0.7 aF and corresponds to a characteristic voltage e / C of 0.2 V. The intercrystal resistance R t , calculated with the above geometry and using SiO 2 =10 [14] [15] [16] ⍀ . cm, 31 amounts to 5 ϫ 10 19 ⍀. From the progress of several hundreds of nanometers of the electron front per hour, we estimate the characteristic transition time of an electron from one nanocrystal to the next to amount to = 10 s. These values relate very well in the frame of the orthodox SET theory, 28 in which the transition rate for one electron ͑n =1͒ is expressed as
In this, ⌬E + =−͑1/2͓͒͑e 2 /2C͒ + eV a ͔ − ͑ne 2 /2C͒ involves the energies associated with the transfer process, with relevant voltages of the order of 0.1 V. The calculated transfer time with our parameters amounts to the order of seconds. In a 1D approximation, this corresponds to a progression of the electron front of a few hundreds of nanometers per hour, all of which is in agreement with our experimental values. This is, however, in strong contrast with typical transition rates prepared in SETs that are around 1 GHz. Indeed, whereas the involved voltages are comparable, the tunneling resistance is 9 orders of magnitude larger than in the case of SETs, and accounts for the variation in the transition rate. This local transition rate depends very sensitively on the distribution of the Si-nc in the network, characterized by their sizes and the intercrystal distances. Moreover, this distribution introduces disorder in the problem at the nanoscale. As already mentioned, it is striking to observe that this disorder does not appear experimentally in the electron cloud shape in the strongly confining regime whereas the roughness of the electron front in the intermediate regime is a characteristic observation. In this last regime, electrons irreversibly redistribute to energetically lower-lying states with a characteristic kinetic time in the order of the second. The slow and continuous observed spreading shows that the disorder does not manifest itself only by a set of characteristic lengths that would describe, for instance, weak resistance Si-nc interconnections. In this case, although possibly rough, the electron cloud would invade the available Si-nc network at high speed, leading to an unobservable fast spreading for AFM. We have in fact observed the latter behavior in randomly interconnected silicon dots prepared by electron beam lithography. In the present experimental results, the disorder appears to result in a set of timescales for electron hopping, which is spatially and randomly distributed at the nanometer scale. Although not identical, this analysis of our experimental results is then very close to the theoretical arguments presented by Middleton and Wingreen. 29 They have studied in detail how the disorder due to offset charges combined with a local charging effect due to Coulomb blockade should lead to kinetic roughening of the electron front displaced in a 2D regular network of capacitances and resistances. Furthermore, kinetic roughening of the moving surface of a crystal during MBE growth has been observed experimentally in the past 32 and thoroughly analyzed. 33 The origin in this case lies in the relevance of noise at the nanometer scale due to random deposition of atoms at the atomic scale. In our experiments, the origin of kinetic roughening is in the combination of the random distribution of Si-nc and of a charging effect described by a ratio e / C that is significant compared to the average voltage drop when moving from one crystal to another, away from the cloud center. As the precise local configuration of charged clusters determines the transition rate between two crystals, the electron kinetics becomes very sensitive to the disorder in the spatial distribution of the nanocrystals, in their size, and in their intercrystal distance. This is the origin of the observed roughness that develops during spreading. Therefore, this phenomenon presents the essential characteristic of kinetic roughening. We believe that this is the first time that the proposed relevance of kinetic roughening for charge spreading in the presence of quenched disorder 29 is demonstrated experimentally, by in situ and real-time imaging.
V. CONCLUSION
We have studied samples containing silicon nanocrystals embedded in a silica matrix using electrostatic force microscopy. In such structures, the electric transport properties depend sensitively on the sample preparation conditions. Three kinds of charge spreading behavior are distinguished using EFM and related to the nanocrystal density. Large concentrations of buried silicon in silicon dioxide lead to a characteristic metallic behavior. Low concentrations exhibit a clear confining behavior: injection of charges from the tip forms a two-dimensional cloud with an exact disk shape that does not spread with time. At a slightly higher silicon concentration, the injected electron cloud presents an irregular borderline, which spreads out onto the surface on a timescale of the hour. We explain this until now unobserved phenomenon with a redistribution of the electrons through clusters of nanocrystals to reach a more stable energetic state. This behavior qualifies as kinetic roughening because the repulsive electron interaction ͑Hartree term͒ leads to an irreversible charge spreading into a disordered array of silicon nanocrystals which would be termed as quenched noise within the framework of kinetic roughening. The transition from a metallic to an insulating behavior is critically dependent on the nanocrystal density.
